Objective: This study was performed to evaluate ocular structures using contrastenhanced ultrasonography (CEUS) in dogs to assess the feasibility of CEUS for investigating the blood perfusion of canine eyes. Animal studied: Eight purpose-bred beagles were used.
ultrasonography is more sensitive than color Doppler imaging for the detection of blood flow and is free of angle dependence. 3 However, it is challenging to assess tortuous spatial and temporal distributions of small blood vessels with slow blood flow velocities using power Doppler imaging. The microvasculature cannot be investigated by color Doppler or power Doppler imaging because bulk tissue movement is faster than capillary blood flow. 4, 5 CEUS improves the detection of the blood flow of smaller vessels, where there is a low volume and slow velocity, using harmonic signals from the microbubble contrast agent. CEUS can evaluate blood perfusion as increased pixel intensity formed by microbubble contrast agent at a low mechanical index. CEUS can quantify tissue perfusion which can be represented as time to peak, the peak intensity, time to wash in and wash out, and area under the curve, and relative comparison of the contrast enhancement can be made to adjacent tissues in real-time imaging. Moreover, the microbubble contrast agent is safe and easily applicable for patients. 6 Various microbubble contrast agents have been commercialized and are used to assess blood perfusion in the liver, kidney, adrenal gland, spleen, lymph nodes, pancreas, prostate, thyroid, and a variety of other organs in the fields of human and veterinary medicine. [7] [8] [9] [10] [11] [12] [13] [14] As pathologic angiogenesis is considered a hallmark of ocular tumors in human medicine, the use of CEUS has been clinically applied for the evaluation of ocular tumors. [15] [16] [17] [18] In human medicine, CEUS allows for realtime evaluation of tissue circulation, fine discrimination between microvessels, and tissue in a choroidal malignant melanoma and improves the resolution of the tumor. In quantitative evaluation, peak intensity of choroidal melanoma is greater than that of normal tissue; however, time to upslope and time to peak of choroidal melanoma are less than normal tissue. 17 In the choroidal hemangiomas, the concentration and duration of the contrast agent in tumor are stronger than normal tissue, showing the typical curve of fast-in and slow-out. 19 In a uveal melanoma, the tumor could be differentiated from retinal hemorrhage through detecting a tumor-associated artery on CEUS. 17 In addition, CEUS using Levovist, a first-generation contrast agent, could differentiate retinal detachment from vitreous membranes with higher accuracy (97%) compared with the conventional B-mode ultrasonography (78%), color Doppler (81%), or power Doppler (59%) imaging. 15 However, the use of CEUS for canine eyes has not been reported in normal or pathological conditions, with the exception of one study that differentiated retinal detachment from vitreous membranes using SonoVue â . 20 Herein, we report the application of CEUS for normal canine eyes performed using Sonazoid â , which consists of a lipid-stabilized suspension of perfluorobutane. The purpose of this study was to investigate the feasibility of assessing blood perfusion in normal canine eyes with CEUS, present qualitative and quantitative data of ocular structures, and establish a CEUS protocol.
| MATERIALS AND METHODS
The protocols for this study were approved by the Institutional Animal Care and Use Committee of Chonnam National University, and the animals were cared for in accordance with the Guidelines for Animal Experiments of Chonnam National University (CNU IACUC-YB-2016-22).
Eight adult purpose-bred beagles, seven male and one female, were used in this study. The median age of the dogs was 3 years (range: 2-4 years), and the mean weight was 9.53 kg (range: 8.6-11 kg). All dogs were clinically healthy based on physical examination, blood pressure, complete blood count, biochemistry, urinalysis, and thoracic radiography findings. Ocular examinations of all dogs included Schirmer's test (Color Bar Schirmer Tear Test, Eaglevision, USA), intraocular pressure measurement using a tonometer (Tonovet, Icare, Finland), and examination of the ocular adnexa, media, and fundus with slit-lamp biomicroscopy and indirect ophthalmoscopy.
The same protocol was applied to all dogs in the study. After a 12-hour fast, all dogs received anesthesia induction by intramuscular injections of a combination of zolazepam/ tiletamine (Zoletilâ, 1.5 mg/kg; Virbac, France) and medetomidine (Domitorâ, 0.03 mg/kg; Orion Corporation Espoo, Finland). Dog was positioned in sternal recumbency, and its head was held steady by a manual assistant.
The conventional B-mode, color Doppler ultrasonography, power Doppler ultrasonography, and CEUS were conducted using a 10 MHz linear transducer (ProSound Alpha 7, Aloka, Japan) of the right eye. The intrusion depth was set at of 2.0 cm. The pulse repetition frequency was set at 15 Hz with a 61% gain value. Transcorneal ultrasonography was performed with trying not to cause pressure on the eye. On conventional B-mode, a cross-sectional image was obtained with the medial canthus to the right and lateral canthus to the left of the horizontal images. Horizontal plane of the eye allowed the evaluation of the anterior segment of eye (cornea, anterior chamber, lens, iris, and ciliary body) and posterior segment (the retina and the choroid, vitreous chamber, optic disk, and optic nerve), and the extraocular muscles in the retrobulbar space. Then, the probe was placed at the limbus or in perilimbal areas, and parallel to the iris plane was obtained as a limbal approach. 21 Color Doppler ultrasonography and power Doppler ultrasonography were performed to evaluate the presence or absence of vascularization within anterior segment, posterior segment, and retrobulbar region. The sample volume was set as large to cover the posterior segment and retrobulbar region including the vitreous cavity, retina, choroid, optic disk, and optic nerve in horizontal plane. The sample volume was set to cover the anterior region, including the ciliary body of the medial canthus and iris in the horizontal and limbal planes. CEUS examinations were performed in the extended pure harmonic detection mode after reducing the transmitted energy to a magnitude of 7% and mechanical index (MI) of 0.22. In each eye, CEUS was performed to evaluate the anterior segment, posterior segment of the eyeball, and the retrobulbar region on the same planes used for color and power Doppler examinations after injecting 0.015 mL/kg (0.12 mL microbubbles/kg) of Sonazoid â (GE Healthcare, Oslo, Norway) into the cephalic vein via a three-way stopcock and 22-gauge intravenous catheter. This was followed immediately by a 5 mL bolus injection of saline. Simultaneously with the injection of the contrast agent, dynamic sequences were stored for up to 95 seconds, keeping the transducer at the same location for each area ( Figure 1 ). For the retrobulbar region, dynamic sequences were additionally stored for 30 seconds, approximately 5 minutes after the start of the contrast injection. CEUS was performed in each area in a random order, with a minimum interval of 5 days.
In each region, qualitative analyses of vascularization was performed by subjective scoring (0-4) based on the number of vascular signals on color Doppler, power Doppler, and CEUS images: score 0 = no signal; score 1 = 1-3 signals; score 2 = 4-6 signals, score 3 = 7-9; and score 4 = >9 signals. 22 For quantitative analyses, all dynamic cine loops were evaluated using the installed eCHE software (SOP-ALPHA7-14, Aloka, Japan), which displayed the acoustic intensity (level) as a function of time. Three circle-shaped regions of interest (ROIs) that were 9-13 mm in diameter were placed over the ciliary body, region of the iris vessels, and the posterior segment of eye and the retrobulbar region, and the time-intensity curve (TIC) was obtained. Motion correction was manually performed frame-byframe. Quantitative corresponding parameters of TIC, including baseline value, time to initial upslope from injection (TTU), time to peak (TP; the duration from the starting of contrast agent injection to arrive the peak intensity), and the peak intensity (PI), were obtained from each ROI. Qualitative evaluations of all CEUS images were performed by two reviewers (Hong SH and Park SJ).
A statistical analysis of the qualitative data was performed using the SPSS statistical program. Analysis of reproducibility between reviewers was completed using the intraclass correlation coefficient (ICC) test. A two-way ANOVA test was used to investigate the differences in the mean number of vascular signals among modalities and each ROI. P values ≤.05 were considered significant. Data are presented as means AE standard deviation. When a significant difference was detected among the number of vascular signals, post hoc analysis (Duncan's test; P = .05) was performed.
| RESULTS
The cornea, iris, ciliary body, lens, vitreous chamber, retina, optic disk, optic nerve, and retrobulbar muscle were identified in conventional B-mode images in all eight beagles.
On the horizontal plane, color Doppler revealed weak color signals around the ciliary body from the anterior segment of the eye, which reflects the anterior ciliary body arteries. In the posterior segment, red color signals were observed markedly along the retina and choroid, which were presumed to be the short ciliary artery. Red or blue color signals, which indicated posterior ciliary arteries or veins, were observed in the retrobulbar region. In the limbal plane, weak color signals were observed in the peripheral pupillary margin of the iris, and these signals were considered to indicate the flow of the major arterial circle of the iris (Figure 2 ). There were no significant differences between the scores of the mean color and power Doppler blood signals in all regions (P < .05).
A total of 1421 frames of CEUS were obtained from each ROI in 95 seconds. After the injection of contrast agent, distinct blood signals were detected from all ROIs. Small vessels around the ciliary body, posterior ciliary vessels, and arterioles and venules of the iris that were not observed clearly on conventional color and power Doppler examinations were detected on CEUS (Figure 3 ). In the anterior segment, the inflow and outflow of blood to and from the ciliary body were observed exuberantly after injection of contrast. A portion of the flow continued to the iris and another portion to the greater arterial circle of iris (Video S1). On the limbal plane of the iris, the flow of the greater arterial circle of the iris or iridal venules was found between the pupillary margin and the scleral venous plexus. Markedly enhanced flows were observed from the scleral venous plexus and lasted more than 2 minutes. Although the blood flow to the retina and choroid was not separately identified, the posterior ciliary arteries and veins and the retinal artery were markedly enhanced by contrast and their blood flow was clearly observed in the posterior segment of the eyeball. Although the vessels were enhanced at different times, vascular enhancements around the retina and choroid were continuously observed for more than 5 minutes in all eyes. In a qualitative assessment, the mean scores of vascularization were analyzed (Table 1 ). In the ciliary body and iris regions, mean scores of CEUS examination were higher than that of the color and power Doppler examinations (P < .05). There was no significant difference between the mean scores of the posterior segment of eye and the retrobulbar region from the color and power Doppler examinations and that of CEUS (P > .05). The mean interobserver reproducibilities of the color Doppler, power Doppler, and CEUS examinations were 0.951, 0.930, and 0.892, respectively.
In the quantitative assessment, the TIC of all three areas had a typical parabolic shape and the mean values of the quantitative TIC parameters measured from each ROI are shown in Table 2 .
| DISCUSSION
CEUS could detect the blood perfusion from small vessels of intra/extraocular structures. The blood signals were markedly identified around the iris, ciliary body, retina, choroid, and the retrobulbar muscles in real time. In addition, their blood volume and velocity could be estimated based on the TIC parameters. Conventional color Doppler ultrasonography could demonstrate blood flow in the eye; however, the signal intensity was weaker than that in CEUS, particularly around the iris and ciliary body. The ability of color Doppler to detect blood flow depends on factors such as the angle of insonation of a sound beam and the depth of the lesion, in addition to the flow velocity and vessel size. 20 Thus, color Doppler has limited application for detecting flow in small vascular structures and cannot detect vessels in the ciliary body and iris clearly. However, CEUS showed distinct signals from vessels of the ciliary body and iris, as well as smaller vessels around the posterior segment from the retina, choroid, and sclera which were not seen by color Doppler ultrasonography. In CEUS, gas-filled microbubbles in contrast agent enhance the ultrasound backscatter and reflect the ultrasound waves, thus contrast is increased. 23 The microbubbles resist compression more strongly than expansion during oscillation, and thus, they produce nonlinear harmonic signals which are distinct from harmonic signals oriented from other tissue. Thus, CEUS improves the contrast between the background tissues and enhances the signal-to-noise ratio for vessels through reflection signals.
The ciliary body is a vascular structure. Radial ciliary arteries and the major arterial circle of the iris, which are branches of the medial/lateral long posterior ciliary arteries and anterior ciliary arteries, supply the ciliary body. However, on both color Doppler imaging and power Doppler imaging, only a few small-sized color signals presumed to be the major arterial circle of the iris were seen in the horizontal plane of the region of the ciliary body. Major arterial circle of the iris as well as anterior ciliary arteries and posterior long ciliary arteries were detected on CEUS imaging. As numerous blood vessels, including the retinal arteries, posterior ciliary arteries and veins, and central retinal arteries and veins, are distributed in the posterior globe, vigorous blood perfusion could be detected by color Doppler imaging, power Doppler imaging, and CEUS imaging in the horizontal plane of the posterior globe. Microbubble signals on CEUS reflect the distribution of blood in vessels and capillaries of the parenchymal tissue, and the signal intensity has a linear relationship with the amount of microbubbles in the target organ. 23 PI, which is a measure of the blood volume in the target region, was the highest in the posterior segment of the eye and retrobulbar region. Additionally, TTU and TP, which closely correlate with blood velocity, were more rapid in the posterior segment than in the ciliary body and iris. This is attributed to the ocular blood supply that enters the intraocular region through the posterior ciliary artery and central retinal artery and then connects to the anterior ciliary artery and iridial artery. In the limbal plane of region of iris vessels, it was shown that the iris was supplied by the major and minor arteries circle of the iris. 23 In both color Doppler imaging and power Doppler imaging, blood signals were detected at the site of the major arterial circle of the iris and a small amount of blood signal that ran in a straight line was identified at the site of the minor arterial circle of the iris, whereas in CEUS imaging, large amounts of moving microbubbles in the major and minor arterial circles of the iris were detected horizontally and through limbal approach. CEUS was more sensitive than color and power Doppler for the detection of microvascular blood flow in the ciliary body and iris. It is also free of specific artifacts such as motion, aliasing, and blooming. 24 In each ocular region, CEUS was performed for 95 seconds in this study and the microbubble intensity was persistently observed throughout the examination in all three regions. After the injection of contrast, microbubble intensity lasted over 5 minutes around the retina. Increase in intensity was observed at around 20 seconds in the ciliary body and iris, and it was observed at around 14 seconds around the retina, choroid, and retrobulbar region. The inflow and outflow to and from the ciliary body and iris were easily identified in real time. Our results suggest that the examination for blood flow in the anterior can be performed at around 20 seconds and posterior segments of the eye and the retrobulbar region can be performed at 14 seconds to 5 minutes after injection of a contrast agent, respectively. In addition, the optic nerve was distinguished from surrounding tissue as a relatively hypoechoic structure, which increased in contrast enhancement over 5 minutes following injection of contrast agent. At higher incident pressures (mechanical index >0.3), microbubbles are often disrupted. Therefore, nonlinear imaging technique is recommended combined with a low harmonic or a very low real-time perfusion (mechanical index <0.2) pulse sequence scheme for all injections. 14 Contrast agent in CEUS is considered to generally well tolerated and be safe without severe adverse effects. 6, 25 Only mild and self-resolving adverse effects such as headache, nausea, altered taste, or sensation of heat were reported in humans and also immediate or delayed adverse events such as vomiting or syncope only in small number of dogs.
In this study, Sonazoid, a second-generation microbubble contrast agent, was used for the ocular CEUS examinations. Second-generation contrast agents persist in the blood stream for a longer period, thus enhancing the duration of the presence of microbubbles. This is due to improved stabilization and a lower rate of destruction compared to first-generation contrast agents. 26 In a previous study, SonoVue, a second-generation contrast agent, was used to differentiate between retinal detachment and the vitreous membrane in dogs and cats. 20 SonoVue consists of an encapsulated sulfur hexafluoride and uses low MI ranging from 0.05 to 1.9. In our preliminary study using SonoVue, a very low MI setting (0.07) was needed for our ultrasound instrument and intraocular structures were not clearly enhanced in harmonic image due to very low acoustic power. Sonazoid consists of an aqueous dispersion of lipid-stabilized perfluorobutane-filled gas microbubbles and uses a higher MI (0.22) than SonoVue. The higher MI allowed for better clarity when evaluating the intraocular structures than the lower MI on harmonic mode. Moreover, the elimination half-life of Sonazoid (30 to 45 minutes) is longer than that of SonoVue (6 minutes), thus Sonazoid allows for a longer investigation of microbubble intensities from ocular structures. 27, 28 There were some limitations to this study. First, during the CEUS examination, all animals in this study were under general anesthesia, which can influence the TIC parameters. Even though intravenous injection of medetomidine does not reduce the ocular blood pressure in dogs, this alpha-2 adrenoceptor agonist induces miosis and can induce a slower TP than in those without anesthesia in CEUS examination. 29, 30 In our study, medetomidine was used to minimize the ocular motion during CEUS study for quantitative analysis and collecting basic data from the ocular structure; however, considering qualitative evaluation is more important for determining the characteristics of the lesion in abdomen, CEUS study can be performed only using the topical anesthetics in practice. Second, the areas under curve for the results of each ocular region, which can assess blood volume independently of arrival time and flow velocity of microbubbles, were not measured. 24 Although there were some limitations, ocular CEUS could clearly demonstrate the blood flow and perfusion of the intraocular and retrobulbar regions. This study provided a protocol for ocular CEUS examination and quantitative reference values for the ciliary body, iris, retina and choroid, and retrobulbar region in normal dogs. This set of data from normal dogs could serve as a reference for further studies that evaluate intraocular tumors or the blood perfusion in various canine retinal diseases.
